Introduction
[2] Instrumental data show that multidecadal moisture oscillations are an important climatic feature in the 20th century. For example, severe droughts during the 1930s and mid 1960s have been documented in many parts of the United States. Analysis of available meteorological data indicates that large-scale atmospheric circulation [Yarnal and Leathers, 1988] and Atlantic Multidecadal Oscillation (AMO) [Enfield et al., 2001; McCabe et al., 2004] can play an important role in these multidecadal moisture variations. Anthropogenic global warming, superimposed on other natural processes, can also have significant influences on longterm climate change and climate variability. For example, a trend of increasing Great Lake-effect snowfall during the 20th century is believed to be a response to global warming [Burnett et al., 2003 ]. An increased variability of the North Atlantic Oscillation (NAO) since 1920 has also been reported as a response to anthropogenic warming [Goodkin et al., 2008] . However, the available instrumental data for the Mid-Atlantic region are either incomplete or inconsistent with each other, making it difficult to further test these ideas for a longer time-frame. Extending the instrumental record to longer time periods requires high-resolution paleoclimate reconstructions, and surprisingly very few high-resolution paleoclimate records [e.g., Cronin et al., 2000] are available for the highly populated Mid-Atlantic region.
[3] In this paper, we present an ∼2-year resolution calcite oxygen isotope (d 18 O) record from a freeze-core at White Lake in northern New Jersey. The objectives of this study were (1) to derive a composite moisture history for the MidAtlantic region for the last ∼240 years based on the d
18 O data obtained from White Lake and the paleosalinity reconstructions from Chesapeake Bay [Cronin et al., 2000] , (2) to investigate potential effects of atmospheric circulation and ocean conditions on multidecadal-scale moisture changes, and (3) to evaluate the possible effects of global warming on moisture variations in recent decades.
Study Region and Site
[4] White Lake (41°00′N, 74°55′W, 138 m asl) is a hardwater lake located in northern New Jersey (Figure 1a) . The lake owes its hardwater nature to the underlying limestone bedrock. White lake is primarily recharged by groundwater, with a small ephemeral inlet and an outlet. As shown in the instrumental data from New Jersey Division 1 (northern New Jersey) (http://www1.ncdc.noaa.gov/pub/data/ cirs/), the regional mean annual temperature is 10.4°C with average summer (June to August) temperature of 21.5°C and winter (December to February) temperature of −1.1°C, and the mean annual precipitation is 1177 mm with even distribution in each month.
[5] White Lake has a surface area of 0.26 km 2 and a catchment area of ∼2 km 2 . The average water depth of the lake is 6.7 m, with a maximum depth of 13.4 m. White Lake has a relatively high pH (∼8.5) and alkalinity (192 mg/L). Summer (May to August) surface-water temperatures are 21-28°C, based on measurements made between 1997 and 1998 [New Jersey Division of Fish Game and Wildlife, 1999] . A marl bench, a band of unconsolidated carbonaterich sediment, is visible as a light-colored band in the shallow water (<3 m) around the periphery of the lake [Li et al., 2008] .
Methods
[6] A 33.3 cm-long freeze-core (core WL03-4) was retrieved from the deepest part of the lake in March 2003. Chronology of the core was established using 210 Pb analyses for the top 24 cm (Figure 2a) , and lithological correlations for the lower part with a parallel 60-cm-long gravity core (core WL03-3) dated by 14 C methods (see details in Li et al., 2008) . The dating errors were less than 3 years over the last 80 years, and increased to ∼20 years around 1840 AD (Figure 2a) . Additional ∼3-year uncertainties could be produced by the subsampling process. Based on the current age model, the core has a nearly constant sedimentation rate of about 1.4 mm/year.
[7] For stable isotope analyses, well-preserved endogenic calcite samples were taken at 3-mm intervals and air dried at room temperature. Biogenic shells and plant fragments were handpicked under a stereo microscope and discarded. Each of the 111 calcite samples was reacted overnight with 100% phosphoric acid in glass vessels held at a constant temperature of 25°C in a water bath. The resulting CO 2 gas was cryogenically purified and analyzed for oxygen and carbon isotopes, in dual-inlet mode, using a Finnigan MAT 252 isotope ratio mass spectrometer at Lehigh University 18 O data from White Lake and the published paleosalinity data from Chesapeake Bay [Cronin et al., 2000] , we resampled them at 2-year resolution and standardized by removing its mean value and dividing by its standard deviation. We derived the composite moisture record for the Mid-Atlantic region by averaging the standardized records from both White Lake and Chesapeake Bay and then standardizing the average time series. to −5.7‰ at 1920, and then pronounced ∼20-year largeamplitude oscillations between −5.7‰ and −7.8‰. There is no obvious long-term overall trend for the last 240 years. Kim and O'Neil [1997] and Leng and Marshall [2004] , with the measured d
Results
18 O lake water = −3.8‰ and T lake water = 25.1°C in summer 2002). The isotopic composition of precipitation is controlled by the moisture source and by air temperature. Instrumental air temperature data in this region show no significant correlation with the calcite d
18 O values for the last ∼100 years, and temperature changes at the lake water surface likely follow the air temperature changes. Changes in the moisture source of precipitation could also influence the d
18
O values of lake water. For example, Burnett et al. [2004] investigated the moisture sources of winter precipitation in New York state and concluded that the lake-effect precipitation had a much lower d
18 O values (−17.9‰) than the moisture originating in the Gulf of Mexico and in the nearby Atlantic Ocean (−8.2‰). However, the averaged d
18 O values of annual precipitation in northern New Jersey is about −8‰ [Bowen and Wilkinson, 2002] , suggesting a small contribution of moisture from lake-effect precipitation. Thus the major moisture source in northern New Jersey is more likely the Gulf of Mexico and tropical Atlantic Ocean [Lawrence et al., 1982] .
[ 2e-2g). Also, the d 18 O variations at White Lake are consistent with the paleosalinity reconstructed from Chesapeake Bay over the last ∼240 years [Cronin et al., 2000] , with higher d
18 O values at White Lake corresponding to higher salinities at Chesapeake Bay (Figures 2b and 2c) . Paleosalinity was reconstructed using a quantitative relationship between the salinity and relative abundance of the benthic foraminifer Elphidium [Cronin et al., 2000] . Changes in paleosalinity at Chesapeake Bay reflect changes in precipitation in the watershed and fresh-water discharge to the Bay [Cronin et al., 2000] . Under dry conditions, the lower lake level and longer lake water residence time would effectively strengthen the evaporative effect and then increase the d 18 O value of lake water. The small mismatches between these curves, for some periods, are likely caused by the dating uncertainties in both records. The abnormal low precipitation interval recorded for Philadelphia between 1880 and 1900 could reflect a more localized climate (Figure 2g) .
[12] The composite moisture record from the calcite d 18 O values at White Lake and the salinity data from Chesapeake Bay highlights the general temporal patterns of moisture changes for the last ∼240 years in the Mid-Atlantic region (Figure 2d) . After a short wet interval in the 1770s, a dry condition extended from 1780 to the end of the Little Ice Age (LIA) at ∼1840. By the end of the LIA, the regional moisture shifted to an 80-year-long wet interval between 1840 and 1920. This shift is more abrupt at Chesapeake Bay than at White Lake (Figures 2b and 2c ), probably reflecting (1) the sudden disappearance of saline foraminifer Elphidium, the dominant species as salinity proxy used at Chesapeake Bay, caused by freshwater incursions under a wet climate, and (2) the amplification of freshening event at Chesapeake Bay due to its large watershed to open water ratio (≈14:1), compared to White Lake (= 7:1). Since 1920, the moisture conditions became more variable with ∼20-year oscillations including dry periods at ∼1920-1940 and ∼1960-1980 as well as wet intervene periods at ∼1940-1960 and ∼1980-2003 (Figure 2d ).
Causes and Mechanisms of Multidecadal Moisture Variations
[13] The observed multidecadal-scale moisture oscillations in the Mid-Atlantic region could be controlled by changes in the extent and mean position of the jet stream. During the dry period in the 1960s, a much deeper trough was centered in the northwestern Atlantic Ocean but exerted some influence further south into the southeastern United States, as shown in the anomalies of 500 mb geopotential heights (Figure 1c) . Consequently, warm moisture from the Gulf of Mexico was diverted to Atlantic Ocean offshore along the east branch of the trough, causing a dry condition in the Mid-Atlantic region [Yarnal and Leathers, 1988; Rodionov, 1994] . Opposite situations occurred in the wet 1980s. The deepened trough disappeared all over the eastern United States and the geopotential heights were higher than normal (Figure 1d ). This pattern not only occurred in winter months, but also in all other seasons, although with weaker intensities [Yarnal and Leathers, 1988] . We suggest that similar changes in the extent and position of the trough controlled moisture conditions during the earlier wet and dry periods.
[14] The extent and position of the jet stream influence the wet/dry condition through regulation of storm trajectories and thus affect the precipitation in the Mid-Atlantic region [Yarnal and Leathers, 1988; Rodionov, 1994] . Meteorological observations suggested that a major part of precipitation in the Mid-Atlantic region was brought by the extratropical storms [Lawrence et al., 1982; Burnett et al., 2004] . Tropical storms might also have some contributions. During the dry years, various storms originating in the Gulf of Mexico and tropical Atlantic Ocean could be deflected by the trough and displaced southeastward and restricted to the coastal Atlantic Ocean. Consequently, less moisture would reach inland area in the Mid-Atlantic region, leading to less precipitation and thus a drier climate. During the wet periods, storm tracks were displaced further north and west and reached the MidAtlantic region, leading to greater precipitation and thus wetter conditions. The relationship between lake levels and storm tracks has been observed in the Great Lakes, with a reduced frequency of Colorado Cyclones corresponding to low lake levels in the 1960s [Rodionov, 1994] . Here, we use the observed trajectories of historical hurricanes originated from Atlantic basin as an example to show this relation (Figure 1b) . Comparing the wet periods between 1982 and 1986, all hurricanes that occurred during the dry period between 1962 and 1966 were displaced southeastward and restricted to the coastal Atlantic Ocean (Figure 1b ). Similar situations developed during an earlier dry period in the 1920s and wet periods in the late 19th century and in the 1950s (not shown). Meteorological investigations show that the eastward and seaward displacement of storms would be associated with low d
18
O values for precipitation because the frontal surface, where most of the precipitation forms, is always found at high altitude [Lawrence et al., 1982] . This fact further suggests that the observed high d
18 O values during seaward storm tracks and dry intervals were caused by an evaporation effect at the lake surface.
[15] It is interesting to point out that the shift from a dry to wet climate at the end of the LIA corresponded to a transition of AMO [Gray et al., 2004 ] from a cold (negative) to warm (positive) phase around 1840-1850 (Figures 2d and 2h) . As reported in analyses of instrumental data [Enfield et al., 2001; McCabe et al., 2004] , the moisture condition in this region could be associated with the Atlantic sea surface temperatures at the multidecadal scale. This relationship has been observed at the millennial scale for the last ∼7000 years from lake-level records derived from long cores at White Lake [Li et al., 2007] and geochemical data for speleothems in western Virginia [Springer et al., 2008] . The moisture reconstructions in our study at least partly support the positive association of AMO and wet climate pattern in most intervals in the Mid-Atlantic region over the last ∼240 years. For example, the negative AMO at 1790-1850 and 1960-1980 corresponded to dry climates in the Mid-Atlantic region, but the positive AMO at 1850-1900 and 1940-1960 corresponded to wet climates (Figures 2d and 2h) . However, this relationship was reversed between 1900 and 1940, showing a negative AMO-wet climate association. This observation could reflect the integration of multiple climate signals contained in tree-ring inferred AMO records (such as temperature and precipitation) [Gray et al., 2004] , the potential influences of Pacific air [Enfield et al., 2001] , and the site difference between the Mid-Atlantic region and a more broader area of the AMO record (including eastern North America, western Europe, Scandinavia and the Middle East) [Gray et al., 2004] .
[16] The increased multidecadal-scale moisture variability after 1920 in the Mid-Atlantic region could be attributed to the increases in global air temperature. Many climatic features have been suggested as effects of global warming in the Northern Hemisphere. For example, global warming was proposed to be the cause of the increasing Great Lake-effect snowfall during the 20th century [Burnett et al., 2003] , an increase in NAO multidecadal variability since 1920 [Goodkin et al., 2008] , an accelerating snow accumulation at Mount Logan in northwestern North America after the mid-19th century [Moore et al., 2002] , an increase in the frequency and strength of Indian Ocean Dipole events in the 20th century [Abram et al., 2008] , and the observed increases in precipitation at northern mid-latitudes in the 20th century [Zhang et al., 2007] . An increase in the NAO variability [Goodkin et al., 2008] and associated stronger ocean-atmosphere circulation could induce greater moisture variability in the Mid-Atlantic region. Thus, the increased moisture variability after 1920 likely represents a regional climate response to anthropogenic global warming.
